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ABSTRACT OF THESIS 
 
 
NANOSTRUCTURED THIN FILMS AND TUBES OF TITANIA FOR ROOM  
TEMPERATURE SENSING OF GASES 
 
The main objective of this work was to study the applicability of Nano 
porous/Nanocrystalline TiO2 films for serving the growing demand for fast accurate and 
low cost air quality analysis techniques. The sensitivity of response to variations in 
microstructure pointed the way to obtain controlled, reproducible and regular 
microstructures with critical dimensions proportionate with the Debye- length of the 
oxide. This work aimed to study the sensor properties of thin films of Nanocrystalline 
Titania and Titania nanotubes at room temperature. Nano porous/Nanocrystalline TiO2 
films were fabricated through evaporation driven convection/sol-gel method by 
controlling the process conditions. We also fabricated ordered TiO2 nanotube arrays by 
carefully controlling the anodization conditions. TiO2 nanotube arrays were fabricated 
through potentiostatic anodization of a Ti metal sheet in various electrolyte mediums. 
The electrolyte mediums consisted of mixtures of acids ranging from HF, HCl, HNO3, 
H2SO4, H3PO4 and CH3COOH and polar organic solvents like C2H6OS(DMSO) and 
C2H4(OH)2(Ethylene Glycol) . Well ordered films consisting of TiO2 nanotube arrays (25 
µm to 250 µm in length) were obtained. Contacts were deposited on to the annealed 
samples. Capacitive gas sensors were fabricated and their response to ammonia gas was 
evaluated. 
KEYWORDS: TiO2, Titania sensors, Titania nanotubes, Nanocrystalline Titania films,                        
Titania on glass. 
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 1.  Introduction 
 
The growing demand for fast accurate and low cost air quality analysis techniques for 
domestic and industrial environmental monitoring, automotive applications, air conditioning and 
sensor networks is tailoring the research toward new materials and techniques to solve  the problems 
related to commercial sensors. Metal-oxide semiconducting layers are the most promising 
conductometric chemical sensors among solid state devices due to their low dimension, price and 
power consumption. The sensing properties are based on the reactions between semiconductor oxides 
and gases in the atmosphere [1]. Nanostructured materials offer new possibilities for the electronics 
world because structures on the length scale of few atoms interact with light and electrons differently 
than in bulk materials. Self assembled nanostructures are of considerable interest because of their 
potential scalability and simple processing [10]. The semiconductor gas sensors in the form of thick 
film offer advantages for the simple and automated manufacturing, the repetitiveness and low 
production cost. 
 
TiO2 behaves as an n-type semiconducting oxide due to non-stoichiometry. Titania (TiO2) is 
of interest due to its semiconducting nature and smaller band gap than alumina. Titanium oxide is 
polymorphic and crystallizes in four known crystal structures namely rutile, anatase, brookite and the 
high pressure form of TiO2 (II). At room pressures and temperatures higher than 400
0C, both brookite 
and anatase are transformed into rutile type, which is the most stable structural form of TiO2. 
 
Applications of TiO2 obviously depend on structural type, anatase and rutile being the most 
used. Among semiconductors studied so far TiO2 is known to be the best catalyst for photocatalytic 
action in waste water treatment; the photocatalytic efficiency varies widely with its crystal forms, 
crystallinity and particle size. More recently and due to its semiconductor behavior, TiO2 is being 
used for gas sensors since its near surface region conductivity is very sensitive to the atmosphere. It is 
worth mentioning that in polycrystalline semiconductors, the electric conductivity can be determined 
by grain boundaries. These boundaries are generally, discontinuities in the crystal which facilitate gas 
adsorption. Nanocrystalline metal oxide films demonstrate remarkable gas-sensing properties when 
the crystallite size becomes comparable to Debye length, usage of highly ordered, nanotubular 
structure that has both size dependent and surface area-related properties further improves gas sensing 
[18]. For most of these applications, it is of particular importance to synthesize a material showing 
very high specific surface, which is strongly dependent on the preparation method. 
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                            (c)  
Figures 1.1(a), (b), (c) showing different Crystalline structures of Titanium (a) Rutile, 
(b) Anatase, (c) Brookite 
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Nanotubes are of great interest due to their high surface to volume ratios and size-dependent 
properties. The discovery of carbon nanotubes with their variety of interesting properties has 
stimulated the quest for the synthesis of nanotubular structures of other substances and chemical 
compounds [3]. Several recent studies have indicated that Titania nanotubes have improved properties 
compared to any other form of Titania. Titania nanotube arrays have been the focus of recent research 
and have been investigated for applications like gas sensors and water photo electrolysis [24]. Anodic 
oxidation of titanium foils has been utilized to create Titania nanotube arrays. Such arrays grown are 
amorphous as grown but can be converted to anatase and subsequently rutile phases of TiO2 upon 
annealing [25]. In addition, the properties of these nanotubes from titanium substrate can be varied by 
using different electrolytes 
 
Chemical adsorption (chemisorption) on semiconductors induces surface states and surface 
dipoles, modifying the surface density of states and the position of the Fermi level at the surface [5]. 
The charge exchange between the adsorbed molecules and the semiconductor oxide layers modifies 
the energy barrier eVs for grain to grain current percolation and in turn the electrical properties of the 
layers. This effect is used for monitoring the ambient gas atmosphere by means of solid state gas 
sensors from semiconducting metal oxides like SnO2 and TiO2 [4, 6]. It has also been reported that 
chemisorption affects the performance of semiconductor-based catalysts, solar cells and varistors.  
 
 Although the relationship between the surface band bending and the chemisorption-induced 
surface charge is well known [7], the correlation with the environmental conditions is known only 
qualitatively. The lack of quantitative understanding of this phenomenon stems from the fact that 
electronic charge transfer between the semiconductor and chemisorbed species modifies the 
electronic structure at the surface and in adjacent space charge region, which in return affects the 
chemisorption process in a nonlinear manner [9]. In depletive chemisorption a potential barrier is 
built up at the surface which inhibits further charge transfer to the surface. Consequently, the heat of 
adsorption and the semiconductor’s adsorptivity decreases with increasing coverage of chemisorbed 
adions. 
 
Majority of the work done on the gas sensitive crystalline semiconductor oxides of titanium 
was aimed at improving the functional parameters like sensitivity, selectivity and response rate. 
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Sensitivity is the ratio of the change in sensor output in response to the change in sensor input 
in the presence of target gas. By definition if a sensor output y is related to the input x by the function  
y = f(x), then the sensitivity S (xa) at point xa is  
 
 
For a resistive gas sensor, the sensitivity S is defined as 
 
Where R0 is the sensor resistance in the presence of carrier gas, Rgas is the sensor resistance 
in the presence of target gas, and S is the resistance sensitivity in percentage. 
 
The sensitivity S of a capacitive sensor in this dissertation is defined as 
 
Response time is typically defined as the time for the output of a gas sensor to reach a certain 
percentage of full scale after being exposed to target gas. For example, T90 = 60 seconds means that it 
takes the sensor  60 seconds to reach 90% of its full scale output after being exposed to a full scale 
gas concentration. The time for the output of a gas sensor to return to its baseline value after the 
removal of the target gas is defined as sensor recovery time. In the sensor industry it is usually 
specified as time to fall to 10% of steady state value after the removal of the measured gas.  
 
Selectivity is the ability of a gas sensor to detect a target gas without being affected by the 
presence of other interference gases. Most gas sensors are sensitive to a family of gases and it is 
difficult to produce a sensor specific to only one gas. Moreover, temperature and humidity may also 
affect sensor performance. A common practice for manufacturers of gas sensors is to provide data 
indicating the changes of different gases on the sensor output in the presence of common interference 
gases. 
 
Repeatability is defined as the ability of a sensor to repeat the measurements of gas 
concentrations when the same conditions are applied to it consecutively testing its reliability. 
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2.   Experimental Procedures 
2.1   Fabrication Procedure 
2.1.1  Nanocrystalline Titania templates 
The fabrication of Nanocrystalline Titania sensors involves a sequential procedure of 
substrate cleaning, spin coating of TiO2 sol-gel, oxygen annealing and finally thermal deposition of 
metal electrode contacts. Samples were characterized using the electron microscopy, X-ray diffraction 
and optical absorption. The structure of the device is shown in figure 2.1 and the fabrication process 
is explained below in detail.  
 
Figure 2.1 Nanocrystalline Titania on glass 
2.1.1.1   Substrate Cleaning 
The glass samples were 1 inch x 2 inch in size obtained from Gold SealTM Prior to 
deposition; the substrates were cleaned by rubbing with cotton and then rinsed in de-ionized 
water. The samples were sonicated using an ultrasonic bath with methanol and again rinsed 
with de-ionized water. The procedure was followed again with acetone and the samples were 
dried in nitrogen gas. During the entire process the samples were held with tweezers to avoid 
contamination of the samples. The samples were then placed in a Petri dish container to 
avoid exposure to dirt particles in the atmosphere.  
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2.1.1.2  Spin Coating of TiO2 Sol-Gel 
Titanium (iv) Isopropoxide (99.99%) obtained from Aldrich, 2-propanol, Nitric acid 
(ACS grade), DI water were used to prepare TiO2 sol-gel. TiO2 sol-gel was spin coated on the 
surface of the cleaned glass samples. TiO2 sol-gel was continuously stirred well before use. 
The 0.1 M TiO2 sol-gel obtained is then diluted for preparation of lesser concentration sol-
gel, 0.01-0.05, 0.08 molar solutions were prepared. Chemat technology spin coater was used 
to spin coat TiO2 sol-gel at 2000 rpm for 40 seconds on one side of glass. Each spin coat 
yielded a film of thickness 20 nm, this process was repeated 10 times to fetch a uniform layer 
of Nanocrystalline TiO2 of 200 nm thickness. The spin coated samples were then annealed in 
oxygen at 400oC for 4 hours using Lindberg furnace. The samples were left for about 2 hours 
to cool down to room temperature.   
2.1.1.3  Deposition of Contacts  
A silver paste from Ted Pella was used to make a better contact with the sample. 
Small circular dots of the silver paste were applied on the TiO2 spin coated side of the 
sample. The silver paste on the sample was allowed to dry at room temperature for 10 
minutes. This ensured a reliable connection with the TiO2 surface. 
2.1.2    Titania Nanotube Templates 
2.1.2.1   Substrate Cleaning 
The Ti foil (99.9%) was obtained from Alfa Aeser TM in different thicknesses (25 µm, 
127 µm, 250 µm) and cut into dimensions of 1 inch x 1 inch. The substrates were cleaned by 
rubbing with cotton and then rinsed in de-ionized water. The samples were sonicated using 
an ultrasonic bath with methanol and again rinsed with de-ionized water. The procedure was 
followed again with acetone and the samples were dried in nitrogen gas. During the entire 
process the samples were held with tweezers to avoid contamination of the samples. The 
samples were then placed in a Petri dish container to avoid exposure to contamination from 
the atmosphere. 
 
The contaminated top layer of the foil cannot be removed by sonication, it can be 
removed by treating with chemical solution containing mix of 3.1 gms of HNO3(70%), 10 ml 
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of DI water, 4% (0.544 gms) HF(48%). The samples were dipped in the resulting chemical 
bath for 30 seconds only, then removed and cleaned again. The cleaned foil samples are 
stored in Isopropyl alcohol. 
2.1.2.2  Electrolyte Preparation 
Typically acidic electrochemical bath was used for anodization; different acid 
mediums were prepared using acids like HF, HCl, HNO3, H2SO4, H3PO4, and CH3COOH in 
various concentrations and by varying primary solvents like H2O, Ethylene Glycol, N, N- 
dimethyl formamide, Dimethyl sulfoxide. Salts were also used in the preparation of 
electrochemical bath; they were Na2SO4 10 H2O, CaF, NaF, NaCl and NH4F. During the 
preparation of electrolyte using HF extreme care was taken while adding the acid to the 
solvent, the solution was kept stirring using a magnetic stirrer at a constant rpm then HF was 
added in small quantities to reduce the overheating of the solution mixture. In the case of 
using salts, solvent was heated to 45-500C then salts were added and solution was 
continuously stirred for long periods to ensure the salts are uniformly distributed. 
 
Figure 2.2 Side view of Anodized Titania on epoxy  
 
2.1.2.3   Anodization setup and Procedure 
Typically, the procedure for fabricating Titania nanotubes consists of an 
electrochemical cell with an Ti foil substrate as the anode and Platinum as the cathode 
(counter electrode) suspended in an acidic bath. Anodizations are usually carried out with a 
 constant voltage source. The characteristics of the anodized Titania thus produced depends 
on a host of experimental parameters, most notably the ambient temperature, concentration of 
acidic solution, type of acid used, distance between electrodes, physical
electrodes, current density and voltages used. Any of these parameters could be varied to 
produce Titania nanotubes with desired variation of pore diameters and inter
The voltage was supplied using a Kepco (Model ABC 125
supply.  The monitoring was done using an application software developed in
Lab VIEW 7.0 student edition provided by National Instruments. The V
the anodization will be explained in later sections.
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2.1.3 Thermally deposited Titanium on glass 
2.1.3.1  Substrate Cleaning 
 Glass substrates of 1 inch x 1 inch in size obtained from Delta Technologies. Prior to 
deposition, the substrates were cleaned by rubbing with cotton and then rinsed in de-ionized 
water. The samples were sonicated using an ultrasonic bath with methanol and again rinsed 
with de-ionized water. The procedure was followed again with acetone and the samples were 
dried in nitrogen gas. During the entire process the samples were held with tweezers to avoid 
contamination of the samples. The samples were then placed in a Petri dish container to 
avoid exposure to contamination from the atmosphere.  
 
2.1.3.2  E-Beam Deposition of Ti 
The Ti metal was deposited via high-vacuum at a base pressure of 8.8×10^-6 Torr 
using Torr International E-Beam Evaporator. The density (2.70 g/cm3) and Z-ratio (1.080) of 
Aluminum were programmed in the system prior to the deposition. The source had a graphite 
crucible filled with Titanium pellets. The samples were at distance of about 15cm from the 
source and a maximum of four samples could be placed for a single batch. The samples were 
secured with metal clips to the substrate holder exposing maximum area of the glass substrate 
for deposition. The shutter was moved to a position so that the source was covered 
completely till the melting of Titanium pellets started. A supply voltage of 8KV was applied 
and the supply of current to the source was incremented slowly till the Ti started melting (at 
RMS current value of 0.06Amps). Now the shutter was moved to uncover the boat and this 
allowed Ti deposition on the samples. An 80-100 nm-thick Ti layer was deposited with a 
deposition rate of 1Å/sec on the sample. The samples were taken down once setup was cool 
enough and then subjected to slow vacuum annealing for 4 hrs, starting at lower temperatures 
and gradually reaching a maximum temperature of 2000C. This enables the deposited Ti layer 
to adhere strongly to the glass substrate. The annealed samples were once again placed in the 
E-beam evaporator and Ti layer of 800-1000 nm thickness is deposited. The deposition of Ti 
after initial annealing of the previous Ti layer leads to better adhesion between the Ti layers. 
The sample were again annealed in vacuum at 2000C for 4 hrs. 
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2.1.3.3  Electrolyte preparation and Anodization 
The electrolyte used for anodization was an acidic medium consisting of constant 
mixture of 0.5% HF and DI water, varying quantities of CH3COOH (0.5%-2%) were tried at 
varying anodization voltages of 20, 40 and 60 V by using Ti on glass as anode and a 
platinum electrode as a counter electrode in electrochemical cell setup with constant stirring 
using a magnetic stirring for keeping uniform current and heat distribution throughout the 
solution. The voltage was supplied using a Kepco (Model ABC 125-1DM) programmable 
power supply. The monitoring was done using an application software developed in-house 
using Lab VIEW 7.0 student edition provided by National Instruments. The V-T 
characteristics of the anodization will be explained in later sections. The anodized samples 
were then annealed in an oxygen environment at 4000C for 4 hrs. 
Contacts were deposited onto these samples as described in 2.2. 
 
2.1.4   Foil template preparation for one sided anodization 
 Foil samples were cleaned as explained in 3.1.2.1, the cleaned foil was dried and 
glass slide was taken and cut to the required foil size. Epoxy (acid resistant) was then coated 
onto glass surface and carefully foil is adhered to the epoxy. The sample is then cold rolled to 
ensure the Ti foil is flat, the sample is then left out to dry. After anodization, the sample is 
placed in acetone and DMSO for 4 hrs respectively thus dissolving the epoxy layer and 
separating the anodized Ti foil from the epoxy coated glass substrate. The samples are then 
oxygen annealed at 4000C in Lindberg furnace for 4 hrs.  
 
Contacts were deposited onto these samples as described in 2.2. 
 
2.2     E-Beam Evaporation for deposition of Contact Electrode 
The metal cathode was deposited via high-vacuum at a base pressure of 8.8×10^-6 
Torr using Torr International E-Beam Evaporator. The density (2.70 g/cm3) and Z-ratio 
(1.080) of Aluminum were programmed in the system prior to the deposition. The source had 
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a graphite crucible filled with silver pallets. The samples were at distance of about 15cm 
from the source and a maximum of four samples could be placed for a single batch. The 
samples were covered with a shadow mask of circular holes made from an aluminum foil. 
The shutter was moved to a position so that the source was covered completely till the 
melting of silver started. A supply voltage of 8KV was applied and the supply of current to 
the source was incremented slowly till the Ag started melting (at RMS current value of 
0.06Amps). Now the shutter was moved to uncover the boat and this allowed Ag deposition 
on the samples. An 80-100 nm-thick Ag cathode was deposited with a deposition rate of 
1Å/sec on the sample. 
 
2.3 Sensor Setup 
The sensor setup for measuring the sensor properties of the devices comprises of HP 
4192 A LF impedance analyzer, mass flow controller from Sierra instruments and a two 
probe measurement system integrated to a pc using Lab VIEWTM 7.0 student edition. The 
sensor monitoring was done using an application software developed in-house using Lab 
VIEW 7.0 student edition provided by National Instruments. The C & G Virtual instrument 
environment application software developed was used. The sensor setup was placed in a 
hood to prevent obnoxious gases from spreading into the test room environment. Given the 
start and the stop frequency, the desired step frequency and the mass flow controller 
parameters, the Virtual Instrument takes over the operation of the sensor setup switching the 
gases at regular programmed intervals and gives the output.  
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Figure 2.4 Sensor set-up showing all the modules involved 
 
2.3.1  C and G measurement and Flow Control monitoring Systems 
The C & G Virtual instrument application and Flow Control and Monitor Virtual 
instrument application were developed using Lab VIEWTM Student Edition programming 
software. The figure shown below is screenshot of a Flow control and Monitor virtual 
instrument, given the system is active with gas supplies connected to the Mass flow 
controller are switched on and  the time inputs are given to the virtual instruments for 
switching between the test gas and carrier gas, The Flow control virtual instrument 
commands the Flow Control Monitor to automatically switch between the gases and can also 
regulate precisely the amount of gas entering the glass test chamber and its flow rate. A 
Graphical interface embedded into the Virtual Instrument also plots a graph indicating the 
flow rate of a gas and the elapsed time. 
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Figure 2.5 Screenshot of Flow Control and Monitor Virtual instrument 
 
The figure 2.6 shown below is a screenshot of typical C and G measurement system. 
The inputs that go into this module are the values of start frequency (a minimum of 50 Hz), 
step frequency and stop frequency. As explained earlier when the sample that has to be 
sensed for a particular test gas is placed inside the sealed glass chamber and inputs to the 
Flow Control Virtual instrument are given, the virtual instrument is capable of measuring  C 
and G values during an experiment sweeping from start frequency to stop frequency with the 
given step. 
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Figure 2.6 Screenshot of C and G sensor   measurement system 
 
2.4 Characterization Procedures  
Characterization procedures form the bulk part of any research work. They not only 
help the researcher to ascertain the properties of a particular device fabricated but also help in 
establishing the cause of failures there by allowing room for improvements in the processing 
steps. The devices and structures fabricated as a part of this thesis primarily relied on the 
following procedures for characterizations: Field Emission Scanning Electron Microscopy, 
Ultraviolet-Visual Absorption Spectroscopy, X-Ray Diffraction and Current – Voltage 
Analysis. The subsequent sections in this chapter attempt to present an encapsulated 
description of these procedures.  
2.4.1 X-Ray Diffraction of the sample 
The samples were characterized using Bruker-AXS D8 DISCOVER Diffractometer 
to obtain the X-Ray Diffraction pattern of TiO2. The diffraction pattern gives the phase, 
structure and different components of material examined. When an X-ray beam hits the 
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atoms of the material, the electrons oscillate in different directions giving some constructive 
and destructive interference depending on the arrangement of atoms. The diffraction of X-
rays in different h, k, l planes causes the reflections and the interplanar spacing d among the 
planes gives the intensities of the peaks at the detector angle 2-THETA. The diffraction 
pattern is a plot of reflected intensities versus 2-THETA or THETA. The corresponding 2-
THETA value for the peak depends on the anode material of the X-ray tube. The d-spacing 
and 2-THETA satisfy Bragg’s law given by                                       
2dsinθ = nλ                                              
                                  Where n is an integer, λ is the wavelength of the X-rays. 
The angles at which the peaks are obtained were used to check the phase of TiO2 deposited..  
  
Procedure  
The sample was placed on the sample holder and a filter was placed in front of one of 
the X-ray beam source. The Commander program was run to observe the alignment of the 
sample in the z-plane. After the sample was properly aligned, the filter was removed and the 
program was run for 2-THETA values from 2o to 90o. The peaks and their respective 
intensities were observed from the resulting curve of the program. Thereafter, the spectrum 
was cross checked with the TiO2 diffraction spectrum and all the peaks along with their 
corresponding 2-THETA values were compared.  
 
2.4.2  Field Emission Scanning Electron Microscopy  
A Scanning Electron Microscope is a microscope which generates an electron in 
order to scan back and forth over a sample. The interaction between the beam and the sample 
produces several different signals providing detailed information about the surface structure, 
differences in atomic number within the sample and also the elemental content. Upon hitting 
the sample, the electron beam generates secondary electrons, back-scattered electrons and X-
rays, all of which are collected by a collector to infer qualitative and quantitative information 
about the sample being studied. The secondary electron detector will detect low energy 
electrons produced at the surface of the sample. This provides a topographical image of the 
surface of the sample. The back scattered electron detector will detect high energy electrons 
that have been scattered backward and this provides information about the presence of 
16 
 
differences in the atomic number of a sample. A Hitachi FESEM (Model S-900) with a 
maximum magnification power of 800kX at an accelerating potential of 3k Volts was used 
for characterization purposes for this thesis work.   
 
Procedure 
To image a particular sample, a very small section of the sample was cut-off from the 
original sample and mounted on a 2mm x 5 mm double-sided sticky carbon tape adhered 
onto a small copper stub. The sample was coated with colloidal graphite on the edges and a 
known thickness of Gold-Palladium alloy was sputter coated to ensure proper electrical 
conductivity throughout the sample. The sample holder was placed in a specimen exchange 
chamber and was focused to an appropriate magnification in order to obtain a sharpened 
image of the surface of the sample. Samples were typically imaged at 3kV to get the best 
resolution. Specimens were imaged for both topology as well as cross-sectional views. 
Imaging helped in ascertaining the pore diameters, inter-pore distances and thicknesses of 
Anodized Nanotube Titania, Nanocrystalline TiO2 thin films, their grain sizes.  
 
2.4.3  Ultraviolet-Visual Absorption Spectroscopy 
Absorption spectroscopy in the optical and ultraviolet wavelengths is a routine 
procedure employed in chemistry to obtain the band gap energy of the material examined. 
When the sample is hit with photons, the electrons on the surface of the sample absorb the 
photons having energy greater than that of the band gap energy and jump to the conduction 
band. However, the wavelength vs. absorption spectra that is obtained by the means of a UV-
Vis spectrophotometer can also be used to infer the band gap energy of the material being 
studied using Tauc’s Law. UV-Vis spectroscopy was used to infer the optical properties of 
the TiO2 thin films deposited on glass substrates with respect to varying thicknesses and 
grain sizes. Absorption spectrum of a material being studied is usually obtained against a 
specific background, in this case the spectrum obtained from a blank glass substrate.  
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Procedure  
 
The experimental procedure involved using a Cary-50 v3.0 UV-Visual 
Spectrophotometer to scan a clean conducting glass substrate first as the background. A plain 
sample having TiO2 on glass structure was used as the reference sample. The sample was 
scanned for a wavelength ranging from 200 to 1100 nm and the intensity of this sample was 
stored as the reference pattern. Now the TiO2 on glass sample was taken and scanned for the 
wavelength range. A dual beam spectrometer was used to compare the intensity pattern 
obtained from the reference sample (I0) and that of the sample under test (I). The comparison 
was displayed on a monitor connected to the spectrometer. A program in the computer was 
used to subtract the reference pattern from the original pattern. A logarithmic plot of the ratio 
of the intensity (log10(Io/I)) and the wavelength was obtained, thereby providing the band gap 
energy of TiO2. 
 
2.4.4  C-V measurement system 
The C - V Virtual instrument application was developed using Lab VIEWTM Student 
Edition programming software. The figure shown below is screenshot of a C-V measurement 
system virtual instrument, given the inputs  like start frequency, stop frequency , step 
frequency and set in required modes  the Virtual instruments sweeps  both across given 
voltage and frequency  ranges and plots the C vs. V on a graphical interface embedded into 
the virtual instrument.  
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Figure 2.7 Screenshot of C-V measurement system 
 
 
 
 
2.4.5  I (j) -T and V-T measurement system 
The KEPCO 125-1DM anodization monitoring software module developed using Lab 
VIEWTM Student Edition programming software was used. The figure shown below is 
screenshot of a I vs. T measurement system using KEPCO 125-1DM anodization monitoring 
virtual instrument, given the inputs like maximum set voltage and maximum current and the 
sampling rate the Virtual instruments sweeps  both across given voltage and current  ranges 
and plots the on  values on a graphical interface embedded into the Virtual instrument.  
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Figure 2.8 Screenshot of Anodization monitoring software 
 
2.4.5.1  Typical I vs. T anodization curve 
A typical constant voltage anodization curve can be explained in detail by dividing it 
into three regions. Region 1 shows the initial stage when the whole sample is conducting and 
hence conducts a high current. In the region 2 the drop in current is quite evident owing to 
the fact that the owing to the field assisted dissolution process a thin oxide layer forms on 
Titanium substrate which is insulating in nature. The current drops to a particular value 
before rising again and becoming constant when both field assisted dissolution and chemical 
dissolution processes balance each other (Region 3). Upon completion of anodization, the 
current essentially drops to zero signaling that the entire substrate has now become an 
insulator. 
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Figure 2.9 Typical I vs T anodization curve 
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3.  Results  
The results discussed in this chapter are categorized into three parts according to the 
experiments as discussed in the fabrication methodologies. The first section discusses planar 
Nanocrystalline TiO2 sol-gel based gas sensors fabricated on glass substrates and their sensor 
results with regard to the molarity of sol-gel used and various annealing conditions. The 
second section deals with Titania Nanotube gas sensors fabricated by anodizing Ti foil in 
various electrolyte baths as previously explained [24]. The third and final section discusses 
the sensor characteristics of devices made by anodizing Titanium (of desired thickness) 
deposited on glass in an electrochemical bath. 
3.1 Planar Nanocrystalline TiO2 sensors 
All the results discussed in this section are based on Nanocrystalline TiO2 sensors 
devised on plain glass substrate measuring 2” x 1” and 2.5mm in thickness. 
 
3.1.1 Structural Characterization  
As explained earlier TiO2 films were prepared from sol-gel. The reagents used were 
Titanium Isopropoxide 99.99% obtained from Sigma Aldrich, 2-propanol and Nitric acid 
(ACS grade). In a nitrogen environment  Titanium Isopropoxide  was dissolved in 2-
propanol, to which de-ionized water and then nitric acid were added, the solution was 
continuously stirred for two hours and then stored in a sealed nitrogen environment. In a 
typical preparation 0.1 M TiO2 sol is obtained, the molar concentrations used in this study are 
0.1, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.08.  
 
 Samples were prepared by spin coating the sol-gel of varying concentrations onto 
glass substrates in a humidity controlled environment, later the samples were annealed in 
oxygen for about 4 hours at temperature varying from 2500C -4000C. The table below shows 
list of planar Nanocrystalline TiO2 on glass samples.  
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Table 3.1   showing Nanocrystalline TiO2 samples differing in molarity of sol-gel used 
and variation in thermal treatments 
 
Molarity of TiO2 sol-gel used Thermal treatment conditions Sample name 
 
 
0.1 M 
2500Cin oxygen S-001 
3000C in oxygen S-002 
3500C in oxygen S-003 
4000C in oxygen S-004 
 
0.01 M 
3000C in oxygen S-005 
4000C in oxygen S-006 
 
0.02 M 
3000C in oxygen S-007 
4000C in oxygen S-008 
 
0.03 M 
3000C in oxygen S-009 
4000C in oxygen S-010 
 
0.04 M 
3000C in oxygen S-011 
4000C in oxygen S-012 
 
0.05 M 
3000C in oxygen S-013 
4000C in oxygen S-014 
 
0.08 M 
3000C in oxygen S-015 
4000C in oxygen S-016 
 (a)                                                         
                                       
                                                                  
Figures 3.1 (a),(b),(c) showing the morphology of 0.1 M TiO
 
Films deposited from higher concentration sols had less nanoporous surface; however 
the drying condition, humidity, airflow and annealing conditions truly determined 
microstructure of the resulting film. There is a significant particulate nature of the TiO
visible in the images, higher temperatures of annealing have resulted in nanoparticles of 
Titania fusing together to form lumps
23 
(b) 
 
(c) 
2 in different magnifications
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The sensor properties of these sol-gel based TiO2 thick film samples on glass were 
studied using an automated setup comprising of an Impedance analyzer (HP 4192A LF) and 
an electronic mass flow controller (Sierra Instruments), integrated to a PC. The gases these 
samples were subjected are N2 and 100 ppm NH3, Nitrogen being the ideal gas and Ammonia 
being the test gas were pumped into the glass chamber containing the sample in alternative 
cycles of 8 minutes each. 
 
 
Figure 3.2 explaining the sensor behavior of S-004 sample for 100 ppm of ammonia 
 
The 0.1M TiO2  sample showed highest sensitivity of 46% to100 ppm of ammonia 
gas at room temperature, but the sensor response deteriorated to 42% after 3 months and then 
to 32.8% after 6 months .Similar experiments were conducted on samples from varying 
molar concentrations of sol-gel 0.01 M,0.02 M,0.03 M,0.04 M and 0.05 M.  
Sensing behaviour of 0.1M TiO2 sample
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Figure 3.3 explaining the deterioration in sensing performance of Nanostructured TiO2 
samples with time 
 
 
This was probably due to the degradation of the top layer of TiO2 due to 
environmental factors like humidity etc. The response time for the sensor was calculated, it 
did vary with the aging of the sample. The samples out of a fresh batch were more responsive 
than samples that were of the previously prepared batch. Their sensitivity was restored to 
some extent by re -annealing with a slow increase in temperature. 
 
 
 
 
 
 
 
Molarity (vs) variation in sensitivity with ageing
0
5
10
15
20
25
30
35
40
45
50
0 0.02 0.04 0.06 0.08 0.1 0.12
Mole concentration of TiO2 on glass
s
e
n
s
it
iv
it
y
initial
after 6 months
26 
 
3.2 Nanotubular Titania 
In this Dissertation, we probed the possibility of using Titania nanotubes as sensor 
elements. Titania nanotubes were in their initial phase of research when we initiated this 
work. Grimes group at Pennsylvania State University and yoshikawa susumu group at Kyoto 
University were the only ones actively involved in Titania Nanotube development work for 
energy purposes. Both groups were interested in addressing the issue of increasing the solar 
energy conversion efficiency of Dye Sensitized Solar cells using Titania nanotubes. 
 
The Titania nanotubes as a hydrogen sensor have been reported earlier; we have used 
hydrogen and ammonia as test gases and tried to study the sensor properties with respect to 
various factors. We tried growing Titania nanotubes by anodizing 25 micron Ti foil in 
various electrolytes at various voltage and current conditions, and at various temperatures. 
 
In our first step towards growing Titania nanotubes by anodic oxidation, we tried 
acidic electrolytes made with acids like HCl, H2SO4, H3PO4, CH3COOH and HF. Polar 
organic solvents like Ethylene Glycol, N N-Dimethylformamide, Di-Methyl Sulfoxide and 
also DI Water. The electrochemical setup used in anodization, as explained earlier includes 
pre cleaned Ti foil (thickness of 25 µm) substrate as the anode and Platinum (1”x 1”) as 
cathode. The characteristics of the anodized Titania thus produced depends on a host of 
experimental parameters, most notably the ambient temperature, concentration of acidic 
solution, type of acid used, distance between electrodes, physical dimensions of electrodes, 
current density and voltages used and finally time duration of anodization. 
 
In this set of experiments, we opted for constant voltage anodization with voltages 
varying from 20 V to 60 V at room temperature; the concentration of acid used in the acidic 
electrolyte was limited to 2% by volume. The samples were given the nomenclature 
depending on the type of basic electrolyte used in the context. Below are the tables that 
explain the different conditions of anodized Titania with DI water and various polar organic 
solvents used as the basic electrolyte. 
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 Table 3.2 showing Different anodization conditions with acidic electrolyte using  
different solvents 
                      
PRIMARY 
ELECTROLYTE 
 
ACID and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          H2O 
 
 
 
1% HCl 
 
20 V 
 
4 hrs 
 
TSWA-1 
 
40V 
 
4 hrs 
 
TSWA-2 
 
60V 
 
4 hrs 
 
TSWA-3 
 
 
 
 
2% HCl 
 
20 V 
 
4 hrs 
 
TSWA-4 
 
40V 
 
4 hrs 
 
TSWA-5 
 
60V 
 
4 hrs 
 
TSWA-6 
 
 
 
 
1% H3PO4 
 
20 V 
 
4 hrs 
 
TSWA-7 
 
40V 
 
4 hrs 
 
TSWA-8 
 
60V 
 
4 hrs 
 
TSWA-9 
 
 
 
 
2% H3PO4 
 
20 V 
 
4 hrs 
 
TSWA-10 
 
40V 
 
4 hrs 
 
TSWA-11 
 
60V 
 
4 hrs 
 
TSWA-12 
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   Table 3.2 (continued) 
 
 
                      
PRIMARY 
ELECTROLYTE 
 
ACID and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          H2O 
 
 
 
1% H2SO4 
 
20 V 
 
4 hrs 
 
TSWA-13 
 
40V 
 
4 hrs 
 
TSWA-14 
 
60V 
 
4 hrs 
 
TSWA-15 
 
 
 
 
2% H2SO4 
 
20 V 
 
4 hrs 
 
TSWA-16 
 
40V 
 
4 hrs 
 
TSWA-17 
 
60V 
 
4 hrs 
 
TSWA-18 
 
 
 
 
1% CH3COOH 
 
20 V 
 
4 hrs 
 
TSWA-19 
 
40V 
 
4 hrs 
 
TSWA-20 
 
60V 
 
4 hrs 
 
TSWA-21 
 
 
 
 
2% CH3COOH 
 
20 V 
 
4 hrs 
 
TSWA-22 
 
40V 
 
4 hrs 
 
TSWA-23 
 
60V 
 
4 hrs 
 
TSWA-24 
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   Table 3.2 (continued) 
                      
PRIMARY 
ELECTROLYTE 
 
ACID and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          H2O 
 
 
 
0.5% HF 
20 V 4 hrs 
 
TSWA-25 
 
40V 
 
4 hrs 
 
TSWA-26 
 
60V 
 
4 hrs 
 
TSWA-27 
 
 
 
 
1% HF 
 
20 V 
 
4 hrs 
 
TSWA-28 
 
40V 
 
4 hrs 
 
TSWA-29 
 
60V 
 
3.5 hrs 
 
TSWA-30 
 
 
 
 
1.5% HF 
 
20 V 
 
4 hrs 
 
TSWA-31 
 
40V 
 
3.5 hrs 
 
TSWA-32 
 
60V 
 
2.5 hrs 
 
TSWA-33 
 
 
 
 
2% HF 
 
20 V 
 
3.5 hrs 
 
TSWA-34 
 
40V 
 
2 hr 20 min 
 
TSWA-35 
 
60V 
 
1hr 5 min 
 
 
TSWA-36 
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PRIMARY 
ELECTROLYTE 
 
ACID and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C3H7NO 
(N,N-Dimethyl 
formamide) 
 
 
 
 
1% HF 
 
20 V 
 
4 hrs 
 
TSFA-1 
 
40 V 
 
4 hrs 
 
TSFA-2 
 
60 V 
 
4 hrs 
 
TSFA-3 
 
 
 
 
1.5 %  H2SO4 
 
 
20 V 
 
4 hrs 
 
TSFA-4 
 
40 V 
 
4 hrs 
 
TSFA-5 
 
60 V 
 
4 hrs 
 
TSFA-6 
 
 
 
 
1.5 %   H3PO4 
 
20 V 
 
4 hrs 
 
TSFA-7 
 
40 V 
 
4 hrs 
 
TSFA-8 
 
60 V 
 
4 hrs 
 
TSFA-9 
 
 
 
 
1.5 %   HCl 
 
20 V 
 
4 hrs 
 
TSFA-10 
 
40 V 
 
4 hrs 
 
TSFA-11 
 
60 V 
 
4 hrs 
 
TSFA-12 
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    Table 3.2 (continued) 
 
 
                      
PRIMARY 
ELECTROLYTE 
 
ACID and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C2H6OS 
(Di methyl 
sulfoxide) 
 
 
 
 
 
1% HF 
 
20 V 
 
4 hrs 
 
TSDA-1 
 
40 V 
 
4 hrs 
 
TSDA-2 
 
60 V 
 
4 hrs 
 
TSDA-3 
 
 
 
 
1.5 %  HF 
 
 
20 V 
 
4 hrs 
 
TSDA-4 
 
40 V 
 
4 hrs 
 
TSDA-5 
 
60 V 
 
1hr 35 min 
 
TSDA-6 
 
 
 
 
2 %   HF 
 
20 V 
 
4 hrs 
 
TSDA-7 
 
40 V 
 
4 hrs 
 
TSDA-8 
 
60 V 
 
4 hrs 
 
TSDA-9 
 
 
 
 
1.5 %   HCl 
 
20 V 
 
4 hrs 
 
TSDA-10 
 
40 V 
 
4 hrs 
 
TSDA-11 
 
60 V 
 
2 hrs 
 
TSDA-12 
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    Table 3.2 (continued) 
                      
PRIMARY 
ELECTROLYTE 
 
ACID and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C2H4(OH)2 
(Ethylene glycol) 
 
 
 
 
0.5% HF 
 
20 V 
 
4 hrs 
 
TSEA-1 
 
40 V 
 
4 hrs 
 
TSEA-2 
 
60 V 
 
4 hrs 
 
TSEA-3 
 
 
 
 
1% HF 
 
20 V 
 
4 hrs 
 
TSEA-4 
 
40 V 
 
4 hrs 
 
TSEA-5 
 
60 V 
 
3 hrs 
 
TSEA-6 
 
 
 
 
1.5% HF 
 
20 V 
 
4 hrs 
 
TSEA-7 
 
40 V 
 
4 hrs 
 
TSEA-8 
 
60 V 
 
2 hrs 5 min 
 
TSEA-9 
 
 
 
 
2% HF 
 
20 V 
 
4 hrs 
 
TSEA-10 
 
40 V 
 
4 hrs 
 
TSEA-11 
 
60 V 
 
45 min 
 
TSEA-12 
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    Table 3.2 (continued) 
  
                      
PRIMARY 
ELECTROLYTE 
 
ACID and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C2H4(OH)2 
(Ethylene glycol) 
 
 
 
 
1% HCl 
 
20 V 
 
4 hrs 
 
TSEA-13 
 
40 V 
 
4 hrs 
 
TSEA-14 
 
60 V 
 
4 hrs 
 
TSEA-15 
 
 
 
 
1.5% HCl 
 
20 V 
 
4 hrs 
 
TSEA-16 
 
40 V 
 
4 hrs 
 
TSEA-17 
 
60 V 
 
2 hr 35 min 
 
TSEA-18 
 
 
 
 
2% HCl 
 
20 V 
 
4 hrs 
 
TSEA-19 
 
40 V 
 
4 hrs 
 
TSEA-20 
 
60 V 
 
1 hr 15 min 
 
TSEA-21 
 
 
 
 
1%  H2SO4 
 
20 V 
 
4 hrs 
 
TSEA-22 
 
40 V 
 
4 hrs 
 
TSEA-23 
 
60 V 
 
4 hrs 
 
TSEA-24 
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    Table 3.2 (continued) 
 
 
 
3.2.1 DI Water (H2O) as primary electrolyte 
Samples with a prefix of "TSWA” used DI water as the primary electrolyte; the 
anodization time was limited to a maximum of 4 hours, only the samples TSWA-35 and 
TSWA-36 were anodized to less than 4 hrs as chemical dissolution of TiO2 in the acidic 
medium lead to corrosion on the sample top layer. Below shown are the Electron Microscopy 
images of the samples using DI water as the primary electrolyte and the Typical I-V curve 
characteristics for their anodization. 
                      
PRIMARY 
ELECTROLYTE 
 
ACID and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
C2H4(OH)2 
(Ethylene glycol) 
 
 
 
 
1.5%  H2SO4 
 
20 V 
 
4 hrs 
 
TSEA-25 
 
40 V 
 
4 hrs 
 
TSEA-26 
 
60 V 
 
3 hrs 15 min 
 
TSEA-27 
 
 
 
 
2%  H2SO4 
 
 
20 V 
 
4 hrs 
 
TSEA-28 
 
40 V 
 
4 hrs 
 
TSEA-29 
 
60 V 
 
2 hrs 15 min 
 
TSEA-30 
 (a) TSWA
(b) 
Figures 3.4 (a),(b),(c),(d) showing SEM images of Top layers of samples using 
HCl,H3PO4, H2SO4 
 
The SEM images clearly show formation of TiO
formation visible , the duration of anodization of above mentioned samples was a constant 4 
hours. The visible slag type formation of TiO
exposed to ammonia. 
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-5                                             (b) TSWA-12
 
TSWA-18                                    (d) TSWA-24 
and CH3COOH respectively in their acidic electrolytes.
2 layer on Ti  foil but no pore 
2 did not yield  succesful sensor results when 
 
 
 
 
 (e)TSWA
 
Figures 3.5 (e),(f),(g) showing SEM images of Top layers of samples using HF in 1%, 1.5%, 
2%  of total volume respectively in t
 
SEM image (g) above shown clearly indicates formation of porous structure of TiO
in higher voltage (60v) anodization of Ti in acidic medium containing HF. Images (e),(f) 
show similar structure of TiO
 
36 
 
-29                                               (f) TSWA-32
 
(g) TSWA-35 
heir acidic electrolytes.
2 to that obtained and shown on (a),(b),(c),(d). 
 
 
 
2 
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Figure 3.6 showing sensor response of samples TSWA-35 and TSWA-36 in 100 ppm 
Ammonia gas. 
 
The above figure explains the sensing property characteristics samples TSWA 35 and 
36, the morphology of these sample were porous as indicated by the SEM images. The 
sensitivity to 100 ppm ammonia for TSWQ-35 and TSWA-36 are 1.98 % and 1.81 % 
respectively, response is very less and noisy. The current vs. time graph below explains the 
primary reason for obtaining a better porous structure in the case of acidic medium using HF. 
In the case of HF localized heating around the sample, electrolyte and air interface was 
observed due to chemical assisted dissolution taking place at a rates comparable to that of 
oxide formation. 
 
 In case of other acidic mediums using DI water, the initial formation of thick oxide 
layer on top of Ti foil restricted the current density to a low value thus suppressing the 
conductivity of the inherent structure to a very low value and thus leading to a non-porous 
surface oxide layer. Acetic acid medium did not sufficiently enhance the oxidation 
mechanism during anodization, thus acetic acid is omitted from further experiments. These 
Capacitance vs Time (100 ppm NH3) 
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factors were taken into consideration for the next set of experiments using Formamide as the 
primary solvent. 
 
Figure 3.7 explaining the Current vs. Time characteristics during anodization in various 
acidic mediums using DI water as primary electrolyte.  
 
 
3.2.2 Formamide as the primary electrolyte 
Samples with a prefix of "TSFA” used N, N-Dimethyl Formamide as the primary 
electrolyte; the anodization time was limited to a maximum of 4 hours. Extreme care was 
taken during preparation of the acidic medium electrolyte using formamide; the electrolyte 
solution for anodization was thoroughly stirred in each case before the start of anodization.  
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Figures 3.8 (a),(b),(c) showing SEM images of TSFA
 
The combination of CH
studies were indicating of very slow oxidation  of Ti metal into TiO
oxidation process domintes as clearly shown in the corresponding I
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(c) TSFA-12 
-3,TSFA-6 and TSFA
magnifications 
3COOH has been omitted in further experiments as SEM  
2  and a decrease in 
-T curves.
  
-12 at various 
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Figure 3.9 explaining the Current vs. Time characteristics of sample TSFA-3 using HF 
acidic medium with formamide as basic electrolyte. 
 
Morphology as shown in  the above SEM images  and the Current vs time  graph 
explains there is  no formation of porous Titania oxide layer, just a thick layer of 
polycrystalline oxide layer is formed.black slag was formed in most cases over the Ti foil and 
no signs of temeperature fluctuations as observed in case with HF and DI water at high 
voltages due to chemical assited dissolution dominating the anodic oxidation of a brief period 
of time Formamide as a basic elelctrolyte is not capable of growing nanotubular or 
nanoporous  Titania. The samples showed very poor response when subjected  to NH3 test 
gas. 
 
 
 
 
Current vs Time characteristics
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3.2.3 Dimethyl sulfoxide as primary electrolyte
Samples with a prefix of "TSDA” used Dimethyl Sulfoxide as the primary 
electrolyte; the anodization time was limited to a max
organic solvent does not mix well with acids, thus electrolyte solutions were prepared at the 
instant and then continuously stirred before beginning the anodization, only HF and HCl in 
varying concentrations were tried. 
                                  (a)TSDA
                             (c) TSDA-8
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imum of 4 hours. DMSO being a polar 
 
 
-2                                              (b) TSDA-5 
 
                                          (d) TSDA-6 
 
 
  
                             (e)  TSDA-
Figures 3.10 (a),(b),(c),(d),(e),(f) showing SEM images of various samples made eith DMSO 
 
The SEM images shown above  clearly show formation of nanotubular titania in i
formation . Images show nanotubes of inner pore diameter 45
anodized using  HF medium and 50
using HCl . We obtained a moderate sensor response  with sensitivity of 3.7 % a
TSDA-5 and TSDA-11 , even with a moderate response  the adsorption and desorption 
characteristics of the sensors were not well defined . This was probably due to the noise 
generated in the system and by improper silver paste contacts. As evide
42 
 
11                                                  (f) TSDA-12 
as the primary electrolyte 
- 70 nm in case of samples 
-70 nms of inner pore diameter in case of acidic medium 
nt in the I
 
ts 
nd 3.2% for  
-T curves  
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Figure 3.11 showing comparision between sensor response of samples TSDA-5 and TSDA-11 
in 100 ppm of ammonia gas 
 
Figure 3.12 explaining  current vs Time characteristics  
 
Capacitance vs Time
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 3.2.4 Ethylene Glycol as the primary electrolyte
Ethylene Glycol is widely user polar organic solvent, we tried Ethylene glycol as a 
substitute for DMSO to reduce the heating effect caused by the  increased current density at 
the Interface of Ti foil and electrolyte. Acids are less soluble in Ethylene Glycol, continous 
stirring was applied using a sterile magnetic stirrer  helping in distribution of generated heat 
in the electrolyte and to keep the electrolyte homogenous
 
                                (a) TSEA
                               (c) TSEA-
44 
 
 
  
-3                                                  (b) TSEA-6 
  
11                                                (d) TSEA-18 
  
  
 Figures 3.13 (a),(b),(c),(d),(e) SEM images of samples  anodized with ethylene glycol as 
Figure 3.14 explaining the I
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(e) TSEA-27 
primary elelctrolyte.  
-T characteristics of sample TSEA-
 
 
Current vs Time characteristics  curve
4000 6000 8000 10000 12000
Seconds
 
11 
TSEA-11
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Figure 3.15 explaining the sensor response of sample TSEA-11 
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Table 3.3 showing different anodization conditions with salts and DI water as the 
primary electrolyte 
                      
PRIMARY 
ELECTROLYTE 
CHEMICAL 
and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          H2O 
 
 
 
1% Na2SO4 
10H2O 
 
20 V 
 
4 hrs 
 
STSSW-1 
 
40V 
 
4 hrs 
 
STSSW -2 
 
60V 
 
4 hrs 
 
STSSW -3 
 
 
 
 
2% Na2SO4 
10H2O 
 
20 V 
 
4 hrs 
 
STSSW -4 
 
40V 
 
4 hrs 
 
STSSW -5 
 
60V 
 
4 hrs 
 
STSSW -6 
 
 
 
 
1% NaCl 
 
20 V 
 
4 hrs 
 
STSCW-1 
 
40V 
 
4 hrs 
 
STSCW-2 
 
60V 
 
4 hrs 
 
STSCW-3 
 
 
 
 
2% NaCl 
 
20 V 
 
4 hrs 
 
STSCW-4 
 
40V 
 
4 hrs 
 
STSCW-5 
 
60V 
 
4 hrs 
 
STSCW-6 
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    Table 3.3 (continued) 
                      
PRIMARY 
ELECTROLYTE 
CHEMICAL 
and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          H2O 
 
 
 
1%KCl  
 
20 V 
 
4 hrs 
 
STPCW-1 
 
40V 
 
4 hrs 
 
STPCW -2 
 
60V 
 
4 hrs 
 
STPCW -3 
 
 
 
 
2% KCl 
 
20 V 
 
4 hrs 
 
STPCW -4 
 
40V 
 
4 hrs 
 
STPCW -5 
 
60V 
 
4 hrs 
 
STPCW -6 
 
 
 
 
1% CaF 
 
20 V 
 
4 hrs 
 
STCFW-1 
 
40V 
 
4 hrs 
 
STCFW-2 
 
60V 
 
4 hrs 
 
STCFW-3 
 
 
 
 
2% CaF 
 
20 V 
 
4 hrs 
 
STCFW-4 
 
40V 
 
4 hrs 
 
STCFW-5 
 
60V 
 
4 hrs 
 
STCFW-6 
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    Table 3.3 (continued) 
                      
PRIMARY 
ELECTROLYTE 
CHEMICAL 
and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          H2O 
 
 
 
1% NaF 
 
20 V 
 
4 hrs 
 
STSFW-1 
 
40V 
 
4 hrs 
 
STSFW -2 
 
60V 
 
4 hrs 
 
STSFW -3 
 
 
 
 
2% NaF 
 
20 V 
 
4 hrs 
 
STSFW -4 
 
40V 
 
4 hrs 
 
STSFW -5 
 
60V 
 
4 hrs 
 
STSFW -6 
 
 
 
 
1% NH4F 
 
20 V 
 
4 hrs 
 
STAFW-1 
 
40V 
 
4 hrs 
 
STAFW-2 
 
60V 
 
4 hrs 
 
STAFW-3 
 
 
 
 
2% NH4F 
 
20 V 
 
4 hrs 
 
STAFW-4 
 
40V 
 
4 hrs 
 
STAFW-5 
 
60V 
 
4 hrs 
 
STAFW-6 
 
 
 (a)  STSCW
Figures 3.16 (a), (b), (c) showing SEM images of samples STSCW
The solubility of Alkaline salts is less in water when compared to other solvents, for 
complete solubility and uniform mixing of the electrolyte a magnetic stirrer was used and the 
salts were made to dissolve  by mildly heating the electrolyte and continuo
uniform and homogenous mixture is obtained. The highest sensor response for these set of 
samples was  
50 
 
-6                                            (b) STCFW-6 
 
(c) STAFW-6 
-6, STCFW
STAFW-6 
us stirring , thus a 
 
-6 and 
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Figure 3.17 showing the sensor response of STAFW-6 for 100 ppm of ammonia gas 
 
Figure 3.18 explaining I vs T curve for sample STAFW-6 
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Table 3.4 showing different anodization conditions using salts and DMSO as the 
primary electrolyte 
                      
PRIMARY 
ELECTROLYTE 
CHEMICAL 
and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          C2H6OS 
( Di methyl 
sulfoxide ) 
 
 
 
1% NaCl 
 
20 V 
 
4 hrs 
 
STSCD-1 
 
40V 
 
4 hrs 
 
STSCD -2 
 
60V 
 
4 hrs 
 
STSCD -3 
 
 
 
 
2% NaCl 
 
20 V 
 
4 hrs 
 
STSCD -4 
 
40V 
 
4 hrs 
 
STSCD -5 
 
60V 
 
4 hrs 
 
STSCD -6 
 
 
 
 
1% KCl 
 
20 V 
 
4 hrs 
 
STPCD-1 
 
40V 
 
4 hrs 
 
STPCD-2 
 
60V 
 
4 hrs 
 
STPCD-3 
 
 
 
 
2% KCl 
 
20 V 
 
4 hrs 
 
STPCD-4 
 
40V 
 
4 hrs 
 
STPCD-5 
 
60V 
 
4 hrs 
 
STPCD-6 
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    Table 3.4 (continued) 
                      
PRIMARY 
ELECTROLYTE 
CHEMICAL 
and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          C2H6OS 
( Di methyl 
sulfoxide ) 
 
 
 
1% CaF 
 
20 V 
 
4 hrs 
 
STCFD-1 
 
40V 
 
4 hrs 
 
STCFD -2 
 
60V 
 
4 hrs 
 
STCFD -3 
 
 
 
 
2% CaF 
 
20 V 
 
4 hrs 
 
STCFD -4 
 
40V 
 
4 hrs 
 
STCFD -5 
 
60V 
 
4 hrs 
 
STCFD -6 
 
 
 
 
1% NaF 
 
20 V 
 
6 hrs 
 
STSFD-1 
 
40V 
 
6 hrs 
 
STSFD-2 
 
60V 
 
7 hrs 
 
STSFD-3 
 
 
 
 
2% NaF 
 
20 V 
 
8 hrs 
 
STSFD-4 
 
40V 
 
6 hrs 
 
STSFD-5 
 
60V 
 
6 hrs 
 
STSFD-6 
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    Table 3.4 (continued) 
                      
PRIMARY 
ELECTROLYTE 
CHEMICAL 
and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          C2H6OS 
( Di methyl 
sulfoxide ) 
 
 
 
0.5% NH4F 
 
20 V 
 
4 hrs 
 
STAFD-1 
 
40V 
 
4 hrs 
 
STAFD -2 
 
60V 
 
4 hrs 
 
STAFD -3 
 
 
 
 
1% NH4F 
 
20 V 
 
4 hrs 
 
STAFD -4 
 
40V 
 
4 hrs 
 
STAFD -5 
 
60V 
 
4 hrs 
 
STAFD -6 
 
 
 
 
2% NH4F 
 
20 V 
 
4 hrs 
 
STAFD-7 
 
40V 
 
4 hrs 
 
STAFD-8 
 
60V 
 
4 hrs 
 
STAFD-9 
 
 
 
 
3% NH4F 
 
20 V 
 
4 hrs 
 
STAFD-10 
 
40V 
 
4 hrs 
 
STAFD-11 
 
60V 
 
4 hrs 
 
STAFD-12 
 
 (a)                                                                   
                 (c)                                                               (d)
Figures 3.19 showing SEM images of samples STAFD
55 
 
(b) 
 
 
-9 and STAFD-12 at various 
magnifications 
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Figure 3.20 showing sensor response of sample STSFD-6 for 100 ppm of ammonia gas 
  
Figure 3.21 showing sensor response of sample STAFD-12 for 100 ppm of ammonia gas 
sensor response for 100 ppm ammonia for STSFD-6
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Figure 3.22 explaining I vs T curve for sample STAFD-9  
 
 
 
 
 
 
 
 
 
 
 
 
Current vs Time curve STAFD-9
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Table 3.5 showing different anodization conditions with salt using Ethylene Glycol as 
the primary electrolyte 
 
 
                      
PRIMARY 
ELECTROLYTE 
CHEMICAL 
and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          C2H4(OH)2 
( Ethylene Glycol ) 
 
 
 
1% CaF 
 
20 V 
 
4 hrs 
 
STCFE-1 
 
40V 
 
4 hrs 
 
STCFE -2 
 
60V 
 
7 hrs 
 
STCFE -3 
 
 
 
 
2% CaF 
 
20 V 
 
4 hrs 
 
STCFE -4 
 
40V 
 
4 hrs 
 
STCFE -5 
 
60V 
 
6 hrs 
 
STCFE -6 
 
 
 
 
1% NaF 
 
20 V 
 
4 hrs 
 
STSFE-1 
 
40V 
 
8hrs 
 
STSFE-2 
 
60V 
 
7 hrs 
 
STSFE-3 
 
 
 
 
2% NaF 
 
20 V 
 
4 hrs 
 
STSFE-4 
 
40V 
 
7 hrs 
 
STSFE-5 
 
60V 
 
6 hrs 
 
STSFE-6 
59 
 
    Table 3.5 (continued) 
                      
PRIMARY 
ELECTROLYTE 
CHEMICAL 
and 
QUANTITY 
OF IT USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          C2H4(OH)2 
( Ethylene Glycol ) 
 
 
 
0.5% NH4F 
 
20 V 
 
4 hrs 
 
STAFE-1 
 
40V 
 
4 hrs 
 
STAFE -2 
 
60V 
 
7 hrs 
 
STAFE -3 
 
 
 
 
1% NH4F 
 
20 V 
 
4 hrs 
 
STAFE -4 
 
40V 
 
4 hrs 
 
STAFE -5 
 
60V 
 
5 hrs 
 
STAFE -6 
 
 
 
 
2% NH4F 
 
20 V 
 
4 hrs 
 
STAFE-7 
 
40V 
 
5hrs 
 
STAFE-8 
 
60V 
 
4 hrs 
 
STAFE-9 
 
 
 
 
3% NH4F 
 
20 V 
 
4 hrs 
 
STAFE-10 
 
40V 
 
4 hrs 
 
STAFE-11 
 
60V 
 
3.5 hrs 
 
STAFE-12 
 (a)                                                           
              (c)                                                            (d)
60 
 
(b) 
 
 
  
  
                  (e)                                                       (f)
Figures 3.23 showing SEM  
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(g)   
images of samples STAFE-2, STAFE-3, STAFE
at various magnifications   
  
-5 and STAFE-6 
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Figure 3.24 showing sensor response of sample STAFW-6 for 100 ppm of ammonia gas                        
 
Figure 3.25 explaining I vs T curve of sample STAFE-3 
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Table 3.6 showing different anodization conditions using a mix of salts and acids in 
various electrolytes. 
 
PRIMARY 
ELECTOLYTE 
ACID     
and 
QUANTITY 
USED 
CHEMICAL 
and 
QUANTITY 
USED 
 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H2O 
 
 
1% HF 
1% NH4F 40 V 23 hrs STHF-1 
1.5% NH4F 40 V 21 hrs STHF-2 
2% NH4F 40 V 18 hrs STHF-3 
3% NH4F 40 V 17 hrs STHF-4 
 
 
1.5% HF 
1% NH4F 40 V 23 hrs STHF-5 
1.5% NH4F 40 V 21 hrs STHF-6 
2% NH4F 40 V 18 hrs STHF-7 
3% NH4F 40 V 17 hrs STHF-8 
 
 
2 %HF 
1% NH4F 40 V 24 hrs STHF-9 
1.5% NH4F 40 V 20 hrs STHF-10 
2% NH4F 40 V 18 hrs STHF-11 
3% NH4F 40 V 16 hrs STHF-12 
 
 
 
3% HF 
1% NH4F 40 V 19 hrs STHF-13 
1.5% NH4F 40 V 17 hrs STHF-14 
2% NH4F 40 V 15 hrs STHF-15 
3% NH4F 40 V 11hrs STHF-16 
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Table 3.6 (continued) 
 
 
PRIMARY 
ELECTOLYTE 
ACID     
and 
QUANTITY 
USED 
CHEMICAL 
and 
QUANTITY 
USED 
 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
 
 
H2O 
 
 
1% HF 
1% NH4F 60 V 15 hrs STHF-17 
1.5% NH4F 60 V 12 hrs STHF-18 
2% NH4F 60 V 10 hrs STHF-19 
3% NH4F 60 V 9 hrs STHF-20 
 
 
1.5% HF 
1% NH4F 60 V 14 hrs STHF-21 
1.5% NH4F 60 V 12 hrs STHF-22 
2% NH4F 60 V 10 hrs STHF-23 
3% NH4F 60 V 9 hrs STHF-24 
 
 
2 %HF 
1% NH4F 60 V 12 hrs STHF-25 
1.5% NH4F 60 V 10 hrs STHF-26 
2% NH4F 60 V 8 hrs STHF-27 
3% NH4F 60 V 7 hrs STHF-28 
 
 
 
3% HF 
1% NH4F 60 V 9 hrs STHF-29 
1.5% NH4F 60 V 8 hrs STHF-30 
2% NH4F 60 V 6 hrs STHF-31 
3% NH4F 60 V 4 hrs STHF-32 
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Table 3.6   
(continued) 
 
PRIMARY 
ELECTOLYTE 
ACID     
and 
QUANTITY 
USED 
CHEMICAL 
and 
QUANTITY 
USED 
 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
 
 
3.5% H2O + 
C2H4(OH)2 
 
 
0.5 % HF 
0.5 % NH4F 60 V 22 hrs STHFR-1 
1 % NH4F 60 V 18 hrs STHFR-2 
1.5 % NH4F 60 V 17 hrs STHFR-3 
2 % NH4F 60 V 15 hrs STHFR-4 
 
 
1 % HF 
0.5 % NH4F 60 V 17 hrs STHFR-5 
1 % NH4F 60 V 15 hrs STHFR-6 
1.5 % NH4F 60 V 14 hrs STHFR-7 
2 % NH4F 60 V 12 hrs STHFR-8 
 
 
1.5 %HF 
0.5 % NH4F 60 V 16 hrs STHFR-9 
1 % NH4F 60 V 14 hrs STHFR-10 
1.5 % NH4F 60 V 11 hrs STHFR-11 
2 % NH4F 60 V 9 hrs STHFR-12 
 
 
 
2% HF 
0.5 % NH4F 60 V 13 hrs STHFR-13 
1 % NH4F 60 V 11 hrs STHFR-14 
1.5 % NH4F 60 V 8 hrs STHFR-15 
2 % NH4F 60 V 4 hrs STHFR-16 
  
(a)                                                
                  (c)                                                     
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(b) 
 
                  (d)                                                     
  
 
 
                  (e)                                                    (f)
              (g)                                                       (h) 
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 (i)                                                                    
Figures 3.26 (a),(b),(c),(d),(e),(f),(g),(h),(i),(j) showing SEM images of samples employing 
mix of acid and alkaline salts in electrolyte medium at different magnifications
Figure 3.27 comparing sensor response of samples STHF
 
Sensor response  for 100 ppm ammonia
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(j) 
-14 & STHF-28 for 100 ppm of 
ammonia gas 
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Figure 3.28 showing the sensor response of 12.1% for sample STAFW-6 in 100ppm of 
ammonia gas  
 
Figure 3.29 explaining I vs T curve for sample STHF-28 
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Table 3.7 (continued) showing different anodization conditions for samples with 
thermally deposited Ti on glass  
 
PRIMARY 
ELECTRODE 
ACID       
and 
QUANTITY 
USED 
 
ANODIZATION 
VOLTAGE 
 
TIME 
DURATION 
 
SAMPLE 
NAME 
 
 
 
 
 
 
 
 
 
 
 
 
0.5 % HF + H2O 
 
 
 
0.5 % 
CH3COOH 
20 V  2 hrs STHFG-1 
40 V 1 hr 22 min STHFG-2 
60 V 1  hr 5 min STHFG-3 
 
 
 
1 % 
CH3COOH 
20 V  1 hr 34 min STHFG-4 
40 V 1 hr 12 min STHFG-5 
60 V 54 min STHFG-6 
 
 
 
1.5 % 
CH3COOH 
20 V  1 hr 14 min STHFG-7 
40 V 1 hr 2 min STHFG-8 
60 V 46 min STHFG-9 
 
 
 
2  % 
CH3COOH 
20 V  58 min STHFG-10 
40 V 47 min STHFG-11 
60 V 36 min STHFG-12 
 
 
 
 
 
  
(a)                                                        
                      (c)                                                                   (d)  
Figures 3.30 (a),(b),(c),(d) showing SEM images of sample STHFG
 
The SEM images show Titania nanotubes grown on glass by depositing (thermally)
Ti on glass and later anodizing them. The sensitivity of 8.1 % for 100 ppm ammonia was 
obtained for sample STHFG-
sample’s corresponding I-T curve obtained during anodization.
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(b) 
 
 
8. Below are the Figures explaining the sensor response and the 
 
  
  
-8 
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Figure 3.31 showing sensor response of sample STHFG-8 for 100 ppm of ammonia gas  
 
Figure 3.32 explaining the I vs T curve of sample STHFG-8 
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3.3 Characterization Results 
3.3.1   X-Ray Characterization Results 
The XRD analysis on sample S-004 can be seen in the figure below, the plot clearly 
shows peak at 25.270 signifying the anatase phase of the TiO2 [22]. This can be justified as 
TiO2 exists in two phases’ anatase and rutile as mentioned earlier. Anatase phase can be 
converted to rutile phase only by annealing at temperatures higher than 6000 C. The sample 
S-004 was annealed at only 4000 C, thus retaining the anatase phase. 
 
Figure 3.33 explaining the XRD analysis of Nanocrystalline Titania sample 
 
The XRD analysis of anodized TiO2 sample STHFR-16 can be seen below. The 
titanium dioxide peak of 25.270 c is dwarfed by two high intensity peaks of Ti metal at 38.60  
and 40.80 [16]. This was due to the device structure that has some unanodized titanium left 
beneath the oxide layer. 
XRD analysis of S-004 (0.1 M) Tio2 sample
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Figure 3.34 explaining the XRD analysis of Nanotubular Titania sample  
 
3.3.2 Optical absorption study 
 
Nanocrystalline TiO2 sample S-004 annealed at 400
0 C was observed to have 
absorption peak at 670 nm corresponding to the anatase phase of Titania. The energy band 
gap can be calculated by Tauc’s Law utilizing the absorbance given on the y axis 
corresponding to the peak. Absorbance gives Log (I0/It), that when substituted in Tauc’s law 
yields to energy band gap. The energy band gap from the plot was calculated and found to be 
3.25 eV, this is the equivalent to the band gap of anatase phase Titania. 
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Figure 3.35 explaining UV-Vis absorption spectroscopy of Nanocrystalline Titania sample 
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3.3.3 C-V characterization study 
 
 
Figure 3.36 explaining the c-v characteristics of Nanocrystalline Titania sample 
 
The C-V characterization study was done with the help of Virtual instrument 
developed using LabVIEW student edition software. The C-V curve validates that the TiO2 is 
n-type semiconductor. 
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4. Discussions 
The nanocrystalline TiO2 sensors fabricated on glass of varying molarities showed 
significant change in their top layer morphology, the samples prepared with higher 
concentrations of TiO2 had grains packed together closely without any voids in between 
them, though the molarities of the used sol-gel changed were varied, the grain size of the 
nanocrystalline TiO2 remained almost the same in the range of 6-9 nm. This was due to the 
equivalent conditions of annealing, the grain size actually changed with the annealing 
temperature. The highest sensitivity of 46 % was recorded for sample S-004; it had degraded 
to 42 % sensitivity after the sample being shelved for 6 months. This was probably due to the 
degradation of the top layer of TiO2 due to environmental conditions like humidity etc. The 
response time for the sensor was calculated, it did vary with the aging of the sample. The 
samples out of a fresh batch were more responsive than samples that were of the previously 
prepared batch. 
The samples were prepared on the glass substrate; hence the annealing of these 
samples was limited to temperature of 4000 C. The x-ray diffraction studies indicate that 
presence of Ti in anatase (most available and stable) form. The high response of these 
Nanocrystalline TiO2 films to ammonia can be attributed to the fact that ammonia being a 
weak reducing agent and TiO2 being a lossy conductor having grains of size in the order 
comparable to that of debye-length, tends to adsorb the reducing ammonia gas molecules 
[21] onto the top surface thus inducing charge on top exposed layer of TiO2. This results in 
TiO2 acting as a capacitive sensor for sensing ammonia gas contrary to TiO2 acting as a 
resistive sensor for Hydrogen gas. The application of TiO2 resistive sensor has been wide 
spread due to its high sensitivity of Hydrogen gas and Humidity control environments. 
 
Titania nanotubes were fabricated initially using various primary electrolytes and 
varying the acidic mediums. The usage of DI water and N, N-Dimethyl Formamide in 
preparation of acidic mediums for anodization often lead to formation of a thick corrosive 
layer of TiO2 on top of Ti foil and thus decreasing the conductivity and current density. This 
often did not lead to pore formation. Polar organic solvents like DMSO and Ethylene Glycol 
were used, the acidity in the electrolytes acted in tandem with the primary electrolytes 
leading to overheating at the foil –electrolyte interface and unequal current densities between 
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the electrodes   leading to a formation semi porous structure of TiO2 on top of Ti foil [24, 
25]. These yielded sensors that were very poor in response and the output was noisy. This 
effect was caused mainly due to high pH in the acidic medium baths yielding in Field 
assisted dissolution and chemical assisted dissolution acting together and dissolving the 
porous structure formed by the process of anodic oxidation and dissipation of heat which 
further enhances the Dissolution of TiO2. 
 
In later set of experiments to reduce the effects of field assisted dissolution and 
chemical assisted dissolution  in damaging  the porous structure formed by anodic oxidation, 
acids were replaced by alkaline salts which provide the free ions that cater to the requirement  
of anodic oxidation during electrolysis (anodic oxidation). Thus by reducing pH and trying to 
maintain the number of free ions available for anodization to take place. These salts were less 
soluble in the polar organic solvents like DMSO and Ethylene glycol, thus stirring was used 
during anodization process to maintain uniform homogeneity in the electrolyte. This served 
in both ways by maintaining the homogeneity of electrolyte and dissipating the excess heat 
generated in high voltage anodizations at the electrode interfaces. The samples STAFD-6 and 
STSFD-12 yielded a low response to ammonia although formation of porous structure was 
visible due to collapsing of the top TiO2 layer that completely covered the underlying porous 
structure. Anodization times were long when we tried to reduce the above phenomenon using 
low concentrations of salts in the electrolyte. SEM images revealed low quality pore 
formation at very slow rate in presence of lesser concentrations of alkaline salts in the 
electrolyte. 
 
 
To accelerate the process the formation of Titania nanotubes without compromising 
the structure and its porosity, an electrolyte made of a mixture of acid, alkaline salt and a 
polar organic solvent was proposed [10]. The process of pore formation had been evident 
from the above experiments conducted. Inferences made from above experiments that aided 
in engineering the perfect electrolyte for formation of Titania nanotubes were 
 
1) Localized heating at the surface of the electrodes caused by high electric fields   
applied for anodization. 
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2) low pH (acidic) medium electrolytes initially aid in formation of porous structure  
but with the resurgence of localized heating by electric fields , chemical assisted 
dissolution takes place  due to relatively high pH of the electrolyte surrounding 
the newly oxide layer. 
3) The perfect electrolyte solution that would aid better in formation of nanotubular  
or nanoporous Titania should comprise of a mixture of both acid and alkaline salt 
in polar organic solvent. 
 
The usage of a mixture of acid and salt in primary solvent helps in maintaining the 
balance between the required pH and available free ions that would contribute in the 
formation of Titania nanotubes. Low pH provided by the acid aids in pore formation at the 
tip  where Ti metal comes in contact with the electrolyte, the  salts aid in lowering the pH at 
the interface of already formed oxide layer and electrolyte; thus decreasing the extent of 
chemical assisted dissolution and preserving the tip of nanotube formed. Thus Titania 
nanotubes of several orders of lengths can be grown. 
  
Using these mixtures, we were able to grow nanotubes of max length 210 µm with 
pore diameter varying from 45-60 nm and clear porous nanotube surfaces on , when exposed 
to test gases this enhanced the sensor capabilities due to increased interaction of test gas 
molecules with the porous structure of TiO2 yielding in highly responsive sensors. 
 
Once a standard condition for anodization was achieved for a set of conditions, one 
sided anodization of Ti metal foil was also tried by coating one side of the metal foil with 
epoxy layer and gluing it to glass substrate. After anodization, chemical treatments were tried 
yielding in dissolution of the epoxy layer thereby exposing completely anodized TiO2 with 
barrier layer to the bottom. The resultant samples were then annealed and analyzed for sensor 
response to 100 ppm ammonia gas at room temperature.  
 
Ti metal was thermally deposited onto glass substrates in two steps, first step 
comprised of deposition of fewer nanometers of Ti metal and then gradual vacuum annealing 
in temperatures ranging from 100o c to 400oc, this provides necessary adhesion for further 
layers to be deposited. Then a second layer of Ti deposition of desired thickness was 
80 
 
performed and anodizing it in a mix of acetic acid in constant voltage mode yielded a 
transparent nanotube array formed on glass substrate. The samples were then annealed in 
oxygen at 400o c and analyzed for sensor response; highest sensor response of 8% was 
obtained for sample STHFG-8. Though sensor response was less compared to previously 
analyzed samples, the device configuration obtained here is much more robust compared to 
sensor devices obtained by anodizing Ti foil and can be used as a substrate for various 
applications.   
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5. Conclusion and future prospects 
 Nanocrystalline TiO2 sensors on glass were fabricated using TiO2 sol-gel, by varying 
the molarity of sol-gel and thermal treatment conditions   their sensitivity to ammonia gas 
was studied. Considerable change in sensitivity was observed with ageing, the reason for this 
was observed to be environmental factors like humidity. Nanotubular Titania was obtained 
by anodizing pure Ti metal foil in an electrolyte medium made from acids, alkaline salts and 
various polar organic solvents. High aspect ratio TiO2 nanotube arrays were formed when a 
mixture of alkaline salts and acids were used in a polar organic solvent. The electrolyte 
mixture was engineered to assist the formation of nanotube. Free standing TiO2 nanotube 
array membranes were obtained by letting Ti foil anodize from one side and restrict from the 
other side by coating it with acid resistant epoxy layer. Nanotubular TiO2 arrays were formed 
on glass by anodizing thermally deposited Ti on glass; these templates could also be used as 
substrates for Dye sensitized solar cells. 
The future work can be focused on increasing the solar power conversion efficiencies 
of Dye sensitized solar cells using TiO2 nanotube array membranes and transport mechanism 
in these nanotubes can also be studied [13, 17]. The porosity and transport mechanism in 
these TiO2 nanotubes have been reported recently, porosity studies were made using red 
phenol [18, 24, 25].  The sensor characteristics of TiO2 can be improved by employing 
contacts in the form of IDC pattern, selectivity studies can also be performed.  
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